+ were studied by a combination of paramagnetic NMR experiments ( 1 H, 13 C, variable-temperature measurements, two-dimensional nuclear magnetic resonance and DFT calculations (done on Y III analogues with octamethoxyphthalocyaninato ligands), for the purpose of elucidating the positions of the acidic protons and for understanding the structural changes of the coordination environment of the Tb ion induced by protonation.
INTRODUCTION
The discovery of single-molecule magnets (SMMs) in 1993 1 made a significant impact on the course of materials science. SMMs possess a magnetic bistability on the molecular level and quantum effects that cannot be seen in classical bulk magnets. Today, great efforts are made toward pushing the frontiers of SMMs, through the design of complexes with increased blocking temperatures and suppressed magnetic relaxation processes.
2 SMMs attract great attention, because of their potential application for ultrahigh density molecular memories and for quantum bits (qubits). In particular, the unsubstituted Tb III −phthalocyaninato double-decker complex TbPc 2 shows unparalleled SMM properties. 3 Because of its large activation energy for spin reversal (ca. 400 cm −1 ) and high chemical stability, TbPc 2 has been used for research in spintronic devices. 4 It is well-known that TbPc 2 analogues also show good SMM properties. Ogawa and co-workers reported the SMM properties of Tb III −tetraphenylporphyrinato (TPP) doubledecker complexes Tb(TPP) 2 and TbH(TPP) 2 , which are the analogues of TbPc 2 . 5 With the help of single-crystal X-ray analysis of TbH(TPP) 2 , the position of protons connected to the pyrrole ring was determined for the first time, and the distorted square antiprismatic (SAP) coordination mode around Tb III in TbH(TPP) 2 was shown as well. Because of the distortion and low symmetry in TbH(TPP) 2 , this complex did not show SMM properties. In contrast, the deprotonated complex showed SMM properties, because of the highly symmetric SAP coordination. Thus, these complexes achieve a proton-induced switching of SMM properties by a reversible protonation−deprotonation. In the case of the protonated Tb III −phthalocyaninato−porphyrinato heteroleptic doubledecker complex Tb(TPP)(HPc), an acidic proton is located on the meso-N atom of the phthalocyanine ligand. 6 Since the acidic proton did not disturb the SAP coordination geometry around Tb III ions, Tb(TPP)(HPc) keeps its SMM properties. Although the positions of the protons of TbH(TPP) 2 and Tb(TPP)(HPc) were determined by single-crystal X-ray structural analysis, it is still difficult to determine the position of the acidic proton directly, because of its low electron density. On the other hand, 1 H NMR measurements are highly sensitive and can directly reveal the position of the proton via analysis of its paramagnetic NMR shift, as will be shown in this work.
Recently, our research group has reported the nuclear magnetic resonance (NMR) analysis of lanthanide SMMs. 7 Aided with various NMR experiments full assignments of the 1 + complex, for which no crystal structure is available. In addition, the analysis showed that the π-radical and the unpaired f-electrons at Tb III in the neutral [Tb(β-obPc) 2 ] 0 complex are ferromagnetically coupled at room temperature.
On the basis of our previous research, here we report the synthesis, characterization, and a combined NMR-and DFTbased analysis of the new double-decker complex [1H] 0 ( Figure  1 ) and its deprotonated and protonated forms, respectively. 0 was characterized by elemental analysis, electron spin ionization-mass spectroscopy (ESI-MS), ultraviolet−visible−nearinfrared (UV-vis-NIR) spectroscopy, infrared (IR) analysis, and X-ray structural analysis. The molecular structure and the recorded spectra are shown in the Supporting Information (Figures S1−S4, and Table  S1 ). Elemental analysis and MS measurements were performed at the Research and Analytical Centre for Giant Molecules, Tohoku University. UV-vis-NIR spectra were corrected on a Shimadzu Model UV-3100PC system, by using CH 2 Cl 2 as a solvent. IR spectroscopy was performed on attenuated total reflection (ATR) method on Jasco FT/IR-4200. Single crystals suitable for SXRD measurements were made by slow diffusion of a CHCl 3 solution of the complex into toluene. The XRD data for [1H] 0 were collected at 90 K on a Bruker APEX-II CCD diffractometer with graphite monochromated Mo Kα radiation (λ = 0.7107 Å). The crystal was mounted on the Micromount with Paratone-N. The initial structure of [1H] 0 was solved by Intrinsic Phasing (Bruker APEX-II). Refinement by a fullmatrix least-squares method on F 2 by using SHELX-97 10 was performed. All non-hydrogen atoms were refined anisotropically using a least-squares method, and hydrogen atoms were fixed at calculated position.
2.4. NMR Measurements. NMR spectra were recorded at a field strengths of 7.9 T (400 MHz) with a Bruker Avance II instrument equipped with a BBFO probe and at a field strength of 14.09 T (600 MHz) with a Bruker Avance III instrument equipped with a QNP Cryoprobe (inner coil tuned to 13 C, cold preamplifier). Prior to variable-temperature measurements, temperature calibration was done by using the temperature dependence of the residual nondeuterated methanol signal in deuterated methanol.
11 Solvent resonances were taken as references for all 1 H and 13 C NMR spectra. 12 Deuterated solvents (CD 2 Cl 2 and toluene-d 8 , Sigma−Aldrich) were dried with conventional methods (over CaH 2 ) and degassed before use with the freeze−pump−thaw technique. DBU and glacial acetic acid were used as provided by the supplier (Sigma−Aldrich). The sample with the anionic complex [1] − (D 4d point group) was prepared by adding 13 Furthermore, in the DFT calculations, butoxy substituents on the α-positions of the phthalocyaninato ligands were replaced with methoxy substituents (abbreviated as omPc, thus reducing the total number of atoms in each structure by a factor of ∼1.9). DFT calculations were performed with the program Gaussian 09 (revision D.01).
14 Geometry optimizations were done with the restricted B3LYP functional. 15 The def2svp 16 basis set was used for all light atoms and Stuttgart ECP was used for Y III . 17 In all geometry calculations, the dispersion interaction was included (Grimme DFT-D3 with Becke-Johnson damping). 18 The "superfine" integration grid was used throughout, and the quadratically convergent self-consistent field (SCF) procedure was utilized when convergence could not be achieved by the first-order SCF methodology. 19 Tight criteria were used for optimization. No symmetry restrictions were imposed during the optimization procedure. For all structures, stationary points on the potential energy surface were characterized as minima by the absence of imaginary frequencies. The validity of this geometry optimization strategy for phthalocyaninato double-decker complexes was previously shown by Kitagawa et al. 20 and in our recent NMR study of β-substituted octabutoxyphthalocyaninato Tb III and Dy III double-decker complexes.
7b Single-point calculations of the optimized geometries were done using the restricted B3LYP functional and using the def2tzvp 16 basis set on all atoms. The "superfine" integration grid was used, along with the "scf = xqc" procedure. The xyz coordinates of the optimized structures, the energies from single-point calculations and the interligand distances of the various optimized structures (defined as the separation of the centroids of the two N 4 basal planes of the square antiprism) are provided in the Supporting Information.
RESULTS AND DISCUSSION

Characterization of [1H]
0 . In the IR spectrum ( Figure  S2 in the Supporting Information), a weak peak at 3246 cm −1 is observed for [1H] 0 , which originates from the acidic proton, which is connected to a nitrogen atom. The lack of a broad peak at ∼1500 nm in the UV-vis-NIR spectrum of [1H] 0 (see Figure S3 in the Supporting Information) proves that no π-radical is present. The crystal structure of [1H] 0 is given in Figure S4 in the Supporting Information (Cambridge Crystallographic Data Centre (CCDC) No. 1438573). This complex crystallizes in the monoclinic P2 1 /c group, with no solvent molecules incorporated in the structure. Despite considerable effort, the position of the acidic proton in the crystal structure could not be found. Skeletal π-structures of the α-obPc ligands are strongly distorted due to the steric hindrance induced via the n-butoxy chains in α-positions. The stacking angle between the phthalocyaninato ligands within a single molecule is 43.9°, corresponding to a staggered conformation. The Tb III ion is located almost in the middle between the two ligands. As will be shown in the following sections, the nonprotonated α-obPc ligand is closer to the metal center than the α-obPcH one. The intermolecular π−π interactions lead to a slipped column structure along the c-axis.
3.2. Analysis of NMR Data. A detailed introduction about the NMR analysis of Tb III −phthalocyaninato complexes, and generally about NMR of paramagnetic complexes, has been given in our previous work, 7 in well-known works of Bertini et al. 21 and La Mar et al., 22 and elsewhere. 23 Recently, a complete ab initio theory for paramagnetic NMR shifts that goes far beyond the simple eqs 1−4 has been developed.
23d−f The dominant contribution to the hyperfine shift of 1 H nuclei in the complexes studied in this work is the pseudo-contact term (δ PC ), which can be described by a simple point-dipole based eq 1 for general cases and eq 2 for axially symmetric complexes:
where χ a and χ rh are the axial and rhombic components of the magnetic susceptibility anisotropy tensor, respectively, and G and H are geometric factors expressed by the following relationships (eqs 3 and 4):
where r is the length of the vector connecting the Tb III ion and the NMR nucleus, θ the angle between the corresponding r vector and the magnetic susceptibility main axis, and Ω the angle that the r vector makes in the plane perpendicular to the magnetic susceptibility axis. For complexes studied in this work, the rhombic component of the χ tensor is neglected because of the axial symmetry of the first coordination sphere of the metal, which leads to a simplified analysis.
The 1 H NMR spectrum of [1H] 0 (Figure 2 ) is quite complicated, since protonation alleviates the D 4d symmetry of the anionic double-decker complex. The intense eight signals due to chemically inequivalent methyl groups can clearly be identified in the region from −5 ppm to −17 ppm. The diastereotopic CH 2 α, CH 2 β, and CH 2 γ groups, along with eight CH ar groups, give a total of 56 signals, some of which overlap Figure 2 , at −152.50 ppm, belongs to the acidic proton on the phthalocyaninato ligand. The sign and the magnitude of the hyperfine shift of the signal confirm that this proton is located on the meso-N. This is verified by DFT calculations, as will be shown in the next section. If the proton were located on an isoindole-N, due to the nature of eq 2, it would experience a very large and positive δ PC . Namely, with the use of eq 2, it can easily be shown that a protonation on the meso-N atom would result in a δ PC value of approximately −161.5 ppm, whereas an acidic proton on the isoindole-N atom would experience a δ PC value of +2073.3 ppm (see the Supporting Information). No 7b An EXSY measurement of the less-crowded region of the spectrum, containing signals of the CH 2 α groups, shows that at 380.0 K (in toluene-d 8 ), the CH 2 α protons within the α-obPc ligand are exchanging with each other, which indicates ligand rotation. Studies of the dynamics in lanthanide complexes bearing porphyrinato ligands revealed that the ligand rotation barriers can be large (e.g., Ce(MOTP) 2 , where MOTP is a porphyrinato-based ligand, ΔG ⧧ = 101 ± 0.4 kJ mol −1 at 50°C) 24 and inversely proportional to the interplanar spacing between porphyrinato ligands. 25 Hence, we expect that the rotation barrier in Tb III −phthalocyaninato complexes is also high. Because of the low symmetry of [1H] 0 and to the small differences in δ PC of the resonances of the α-obPcH and α-obPc ligands, it is not possible to quantify the changes in ligand− metal distances that are induced by a protonation. However, as will be shown, DFT provides valuable insights into the structure of the title complex. Upon deprotonation with an excess of DBU (1, .0]undec-7-ene), [1]  [H-DBU] + is obtained, which has simple 1 H and 13 C NMR spectra, because of the D 4d point group (see Figure S15 in the Supporting Information). The deprotonation is shown to be reversible via the addition of acetic acid. A second protonation with glacial acetic acid is possible, thereby inducing a color change of the complex from green to red. The 1 H NMR spectrum of the doubly protonated, now cationic complex, is shown in Figure 3 .
The second protonation could also be observed in CD 2 Cl 2 , but it was not complete, even with a considerably excessive amount of acid. However, a complete double protonation is possible in toluene. As can be seen in Figure 3 , a second protonation does not lead to an increase in the symmetry of the complex. The most negatively shifted signal corresponds to two acidic protons on meso-N atoms, and these 1 H resonances experience a larger δ PC than the proton on the meso-N atom in [1H] 0 (Figure 2 ). Unlike for [1] − [H-DBU] + , the doubly protonated complex undergoes a dynamic process at higher temperatures (see the Supporting Information). This can be due to either a fast proton exchange process, or it could be due to a decreased ligand rotation barrier caused by the structural change induced by protonations. The distinction between these two dynamic processes cannot be made based solely on NMR data. However, a more-detailed understanding of the structure and molecular dynamics of the doubly protonated species is achieved with the help of DFT calculations, as will be shown in the next section.
3.3. Analysis of DFT Calculations. 3.3.1. Proton Position. As the single-point calculations of the optimized geometries indicate, it is more favorable for the proton in [Y(α-omPcH)(α-omPc)] to be located on the meso-N, rather than on the isoindole-N, by ca. 57 kJ/mol. This theoretical outcome is in agreement with the NMR data, which show that the meso-N atom is protonated in [1H] 0 . Our findings are in agreement with the recent study of a mixed Tb III −(phthalocyaninato) (porphyrinato) double-decker complex, conducted by Tanaka et al. 6 The DFT structures were also used to determine structural parameters that are used in pseudo-contact shift (eq 2). The magnetic properties relevant for NMR spectroscopy, such as electronic g-factors, can be obtained from relativistic DFT calculations. 26 However, the existing methods are unlikely to be suitable for open-shell f-elements. An alternative to the experimental determination of the susceptibility anisotropy are the newly developed ab initio multireference wavefunction methods.
23e,f The DFT calculations of the four possible permutations of proton positions on the meso-N atoms in the doubly protonated complex show that it is unlikely that the same α-obPc ligand gets protonated twice, and that the two protons are likely to be on meso-N atoms on different α-obPc ligands. This is shown in Figure 4 , which depicts schematic representations of the four permutations.
The [Y(α-omPcH) 2 ]
+ structure with the two protons being as far apart as possible (permutation 1) has the lowest energy. The [Y(α-omPcH) 2 ] + structure in which the two protons are located on nearby meso-N atoms is ∼6 kJ/mol higher in energy (permutation 2). The [Y(α-omPcH 2 )(α-omPc)] + structures, in which the protons are located on opposite (permutation 3) or neighboring (permutation 4) meso-N atoms within the same ligand are ca. 24 kJ/mol and ca. 35 kJ/mol higher in energy than the structure with permutation 1, respectively. This theoretical outcome is in agreement with the experimental results obtained by NMR. Namely, a second protonation of the opposite meso-N position in the same α-obPc ligand (permutation 3, C 2v point group) would lead to an increased symmetry, which would result in a decrease in the total number of observed signals by NMR. The existence of the permutation 4 structure is unlikely, because of its very high energy cost. In [1H] 0 , the eight methyl group signals are due to four chemically inequivalent groups from each of the two ligands (C s point group). On the other hand, in the C 2 symmetric permutations of [1HH] + , the eight methyl group signals stem from the eight chemically inequivalent methyl groups within a single α-obPcH ligand. In permutations 1 and 2 of [1HH] + , the two α-obPcH ligands are chemically equivalent due to the presence of a C 2 symmetry axis, which goes through the Tb III ion and is perpendicular to the vector that connects the two protons on the meso-N atoms.
3.3.2. Structural Changes Induced by Protonation. All the optimized structures showed that the α-omPc, α-omPcH, or α-omPcH 2 ligands are not in a completely staggered conformation, but rather slightly skewed away from the staggered conformation. These structures have, as the lowest vibrational mode, a libration toward the staggered conformation. This outcome of DFT geometry optimizations and frequency calculations was observed in our previous studies of β-obPc double-decker complexes.
7b As described previously, the solution structure of these complexes, as observed on the NMR time scale, corresponds to a fully staggered conformation.
Generally, the DFT optimized geometries show that a protonation of only one phthalocyaninato ligand leaves the interligand distance almost unchanged. However, the metalatom-to-ligand distance becomes inequivalent with a shorter distance to the doubly charged Pc 2− and longer to the PcH − case (1.40 Å). In structures where only a single α-omPc ligand is protonated, the planarity of the nonprotonated α-omPc ligand is distorted to a concave shape, as a consequence of the reduced distance between this ligand and the metal center.
Previously, studies about the phthalocyaninato ligand rotation barriers in La III −bis(phthalocyaninato) and in heteroleptic Ce IV −(porphyrinato) (phthalocyaninato) doubledecker complexes were conducted. 27 Studies of dynamics in lanthanoid complexes with porphyrinato ligands showed that the ligand rotation barriers can be large 24 and inversely proportional to the interplanar spacing between porphyrinato ligands. 25 We provide theoretical evidence that double protonation of the complex [Tb(α-obPc + structures have very similar energies, and a distinction between permutations 1 and 2 cannot be made based on the NMR data. With these results in mind, we propose that the dynamic process of [1HH] + [H-DBU]  which is observed at elevated temperatures, is due to a fast "hopping" of protons from one meso-N atom to another one, rather than being due to a lowered rotation barrier of the α-obPcH ligands induced by a change in the interligand distance. The mechanism of proton hopping could involve the energetically less favorable [Y(α-omPcH 2 )(α-omPc)] + structures (the structure described by permutation 3 contributes with 0.05% to the total population at 380.0 K, according to the Boltzmann distribution). complex happens on the meso-N atom, which is in agreement with other studies. 6 DFT calculations indicate that this protonation leads to an increased distance between the protonated ligand and the metal center, and to a decreased distance between the nonprotonated ligand and the metal center. A second proton can be attached to the meso-N atom of the other phthalocyaninato ligand. According to DFT calculations, and supported by increased experimental pseudo-contact shifts, the [Tb(α-obPcH) 2 
CONCLUSIONS
